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Abstract 

We have employed a aeiitralizing monoclonal antibody, pre- 
pared against the M f 14J0M cholesteryl ester transfer protein 
(CETP), to investigate the regulation of ledthinxholesterol 
acyltrmnsf erase (LCAT) activity by cholesteryl ester (CE) 
transfer, and also to determine which lipoproteins are sub- 
strates for LCAT in human plasma. The incubation of normo- 
lipidemk plasma led to transfer of CE from HDL to VLDL, 
and of triglycerides from VLDL to LDL and HDL. This net 
mass transfer of neutral lipids between the lipoproteins was 
eliminated by the monoclonal antibody. However, CE transfer 
mhibMon had no effect on the rate of plasma cholesterol es- 
teriOcathm m plasma incubated from 10 mm to 24 h at 37°C. 
In the absence of CE transfer, HDL and LDL exhibited cho^ 
lesteroiesterificatiooactiv^ 

of CE formation m HDL was three to four times greater than in 
LDL daring the first hoar of incubation, but CE formation in 
HDL decreased after 6-8 h, w hile that m LDL continued. 
Thas, (a) the M T 74000 CETP is responsible for all neutral 
lipU nmss transfer In incaboted hnman plasma, (6) the rate of 
CE formation la plasma is not regnkted by CE transfer from 
HDL to other Upoproteins, and (c) HDL is the major initial 
substrate fo* LCAT; IJDLassmnes a mm role only 

after prolonged incubation of plasma. 

hiuvqu co on 

Cholesteryl esters (CE) 1 are actively formed and redistributed 
among lipoproteins in human plasma. Cholesterol is esterified 
in plasma by the action of lectthinxholesterol acyltransfeiase 
(LCAT, EC 2.3.1.43)0, 2), then the CE is redistributed among 
lipoproteins by lipid transfer processes. Nichols et al. ( 3 , 4) first 
reported the net transfer of CE and triglycerides between lipo- 
proteins in incubated plasma Using reconstituted lipopro- 
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teins, proteins purified from plasma were subsequently shown 
to promote the reciprocal transfer of triglycerides and CE be- 
tween triglyceride- rich lipoproteins and HDL particles (5-8). 
Although the neutral lipid transfer activity of these protein 
preparations has been shown using isotopic and mass assays in 
reconstituted systems, there has been no direct evidence link- 
ing the activity of a specific lipid transfer protein with the 
exchange of CE and triglycerides exhibited in whole plasma. 

Recently, an M t 74,000 cholesteryl ester transfer protein 
(CETP) has been purified from human plasrna (9), and used to 
prepare monoclonal antibodies (10). These monoclonal anti- 
bodies were found to inhibit completely the CE and triglycer- 
ide transfer activities, and partially inhibit phospholipid 
transfer activity in human plasma. However, these experi- 
ments employed radioassays to measure transfer activities and 
did not directly demonstrate that mass transfer of neutral 
lipids in incubated plasma was due only to the AS, 74,000 
CETP. One of the CETP monoclonal antibodies, TP2, for- 
merly 5C7 ( 1 0), is used in the present study to demonstrate the 
role of CETP in the mass transfer of neutral lipids in human 
plasma. 

Previous studies have suggested that LCAT activity may be 
regulated by the rate of CE transfer from HDL to other lipo- 
proteins (11, 12). The addition of purified CETP was found to 
increase cholesterol esterification in an in vitro system con- 
sisting of purified enzyme, lecithin, and sphingomyelin lipo- 
somes (CE donor and acceptor particles, respectively) (11). 
Although the accumulation of newly esterified cholesterol in 
plasma is accompanied by a decrease in the rate of CE forma- 
tion (12), there has not been any direct evidence that the 
transfer of CE out of HDL is the regulatory step for cholesterol 
esterification. The neutralizing antibody, TP2, thus, provided 
a tool to determine if CETP regulates LCAT activity in 
plasma. Moreover, the ability to inhibit CETP activity allowed 
us to examine the relative importance of LDL and HDL as 
substrates for the plasma LCAT reaction. 

Methods 

Materials 

[7- 3 K(N)]Cholesterol (11-12 Ci/mmol sp act) was obtained fiom 
Amersham Corp. (Arlington Heights, IL). Heparin (porcine instestinal 
mucosa), diethyl-p-iiitroptra (E600), and USA were pur- 

chased from Sigma a*mical Co. (St Louts, MO). Ptecoated TLC 
silick sod pUtes were obtained from Alltech Associates (Deerfidd, 
IL). Scwtiverae BD was from Fisher Scientific (Springfield, NJ). 

Subjects 

Healthy, 12-hfimmghunun subjects were used as blood dcraors (Table 
I). Blood was collected into tubes containing sodkm EDTA. Plasma 
was immediately separated at 4*C by ocntrifaaationand collected. The 
anti-proteaae, aprotinin (0.14 TlU/ml plasma), was added to ail 
plasma samples before use in experiments. 
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Inhibition of neutral lipid transfer 

Monoclonal antibodies were prepared against partially purified human 
CETP, as described previously ( 1 0). Three monoclonal antibodies were 
found to be similarly effective in inhibition of neutral lipid transfer. 
One of these monoclonal antibodies, TP2 (formerly SC7\ was used in 
the present investigations. Previously (10), nonspecific, monoclonal 
IgG was found to have no effect on CETP activity in human plasma, 
and therefore was not used in the current study. 

[ 3 H]Cholesterol-labeling of plasma samples 
Plasma was labeled with [ 3 H]cholesterol by the injection of [ 3 H> 
cholesterol in ethanol (1 Ml/ml plasma) into plasma, as described pre- 
viously (13). Briefly, [ 3 H]cholesterol in etnanoi was injected through a 
26-gauge needle beneath the surface of stirred plasma on ice. The 
[ 3 H]chole3ter0i-labeled plasma (0.2-0.3 pCi/jano! free cholesterol sp 
act) was placed under a stream of argon for 20 min to remove any 
traces of ethanol, and left overnight at 4°C before use in experiments. 
Complete equilibration of the radioactive cholesterol to constant spe- 
cific activity among lipoproteins was confirmed in preliminary experi- 
ments. 

Incubation 

Plasma or [ 3 H]cholcsterol-labeled plasma was incubated at 37°C for 24 
h in the absence or presence of monoclonal antibody, TP2 (13.S /*g 
protein/ml plasma). The volume of the sample incubated varied from 
2 to 4 ml. Some samples were also incubated in the presence of 2 mM 
E600, an LCAT inhibitor. Since LCAT (14) and CETP (15) activities 
are essentially inactive at 4°C, corresponding samples incubated at 
4°C served as controls. Atiquots were collected at selected time inter- 
vals, and analyzed as described below. 

Assay of CE transfer activity 

The CE transfer activity was measured in plasma using a radioassay 
described previously (16). Plasma (20 #d) with or without TP2 was 
incubated 2 h at 37°C in the presence of [ 3 H]CE-labeled HDL (1-10 



Table I Profile of Blood Donors Used in the Study* 




Subject No. 


Sex 


Age 


Total cholesterol 


HDL cholesterol 


Triglycerides 






yr 




mg/ml pia&ma 




1 


M 


36 


1.45 


0.37 


0.83 


2 


F 


27 


1.93 


0.60 


0.79 


3 


M 


41 


1.73 


0.63 


0.58 


4 


M 


45 


2.63 


0.53 


0.85 


5 


M 


23 


1.39 


0.54 


0.41 


6 


F 


33 


1.20 


0.71 


0.24 


7 


M 


24 


1.96 


0.47 


0.79 


8 


M 


30 


1.84 


0.39 


1.02 


9 


M 


24 


1.24 


0.41 


0.73 


10 


F 


23 


1.67 


0.64 


0.46 


11 


M 


34 


2.09 


0.44 


i.33 


12 


M 


43 


1.95 


0.76 


0.34 


13 


M 


25 


1.75 


0.53 


0.54 


14 


F 


28 


2.13 


0.53 


0.95 


15 


F 


26 


1.68 


0.72 


0.36 


Average 






1.78 


0.55 


0.68 


SEM 






0.096 


0.033 


0.079 



* 15 subjects were used in the experiment described in Fig. 2. The 
rjrofite of the subjects iiich^ 

HDL total cholesterol, and triglycerides. Values of lipids are ex- 
pressed as mg/ml plasma. The mean values and SEM are also shown. 



nmc4 CE) and excess LDL (0.25 funoi CE). The votoae was ad^vssed 

to 100MlwiuTris4aline(r/H7.4)bc^ 

tionofVLDL + WLbyhcanrinaiidMB^ 

tant volume was removed and counted in a Bomd ■rinffltaawniMaSti. 

Assay of LCAT activity 

Method L Plasma was incubated at 37 - C with or without TP2, and 
LCAT activity was measured as the decline in free choksteroL Afi- 
quots were removed at specified time intervals, and mti ajM ta t f tnnv 
ples (5 id each) were analyzed for free dicteetc^ usangoeavyfinmc 
determination kit (310-328; Boefariiiger-Mannherrn Ptag no s tira, In- 
dianapolis, IN). To compensate for the small sample size, the amount 
of enzymatic reagent was decreased piuportsccaSy. OrVif o l cali- 
brators also from Boehringer-Mannheim were useu as standards for 
the assay. LCAT activity is expressed as the amount of CE formed 
(nmcVml plasma), calculated from the decline in free cholesterol (mg/ 
ml plasma). 

Method 2 Another method used fee tr* assay cttCATactrvity was 
the formation of [*H1CE in [*H)chcJcstgrol hbckd plasma mcatesed 
in the presence and absence ofTP2. Lipids were crtrrted fim 10JM 
aliquots using the Folch cxtiaction ( 1 8X dried, and srutiaswl by thin- 
layer crironiatcgraphy. The dried lipid residue was dissolved in 80-100 
id ether containing cholesterol and cholesteryi ofcxte as carriers and 
spotted onto the plate. The devetopingsotvert was h^ 
acid (70:30:1, vol/vol/vol). The fiee cholesterol and CE spots were 
identified by iodine staining, scraped into vials, and cmin fr rl m scmtaV 
lation liquid on a Tri-Carb LS spectrometer (3255; Packard instru- 
ments Inc., Downers Grove, 1L). to determination of LCAT activity, 
the difference between control and exp et im e uta l values was used to 
^i/-»h>t* thf> naimmfilgs of CE formed per milliliter ptasma- 

In some experiments using [^Hjciiolesterol labeled plasma incn- 
bated at 37°C, 40f>*d aliquots were treated with heparin (250 UAnl 
plasma) and MnQi (0.09 M, final conoetrtratkm) to m e uuilale VLPL 
and LDL, and obtain the HDL in the s up e rnatan t (16). The pH> 
cholesterol and [^lCE were analyzed similarly, in the HDL superna- 
tant, as well as VLDL plus LDL pteupiUtc, whkh was redbsolved in 
400fd2MNaO. 

Separation of lipoprotein fractions 

The hpid composition in VLDL, LDL, and HDL from incubated 
plasmx samples were analyzed in some experiments VLDL was re- 
moved from 2-ml incubated plasma samples by uftracenoifuaation 
</ = 1.006. Samples were centrifuged 16 h at 4 # C in x 5<U rotor, at 
45,000 rpm. Plasma was treated with hepermxiid Mi^ascfescrmed 
above. Total cholesterol, n^ 

lipids were analyzed in inxsma, VLDL, HD^aiidrf> l^factioatt. 
CE was reported as the diflcrence between total and fiee J-A-O^X 
The amoum of liptd m the li>L h^ctiM 

ence between the amounts of hpid in the > 1.006 and the HDL 
fractions. 

Compositional analysis 

Free diolesterol (310-328), total cholesterol (237-574X and trigjycer- 
ides (877*557* were analyzed using exuymatic kits from Boehringer 
Mannheim Du«nos1ics* The triglyceride kit sacasnrcaj trs^yerides 
after conversion of any fiee ^ycerol in tiltstmfclo&iaM&KinA- 
uct To analyze small amounts of sample (5^20 A theanwmt of 
enzymatic reagent was decreased picyoftiownty in aB caaysaatic kits. 
Stxndardx for the assays weie also obtamedfr 
h^ were measured accordmg to the ■ 

Lowry assay (20) was used to o^Sermtne proton, using BSA as the 
standard. 

Statistical analysis 

Pihedr test (two4ailed)w« used to de 

All data are txf cwed as mean±SEM, unless otherwise indicated. 



Inhibition qfCkoksteryi Ester Tmfr Prt^ Aamty 



800 r 



Nmol CE formed/ml plasma 



Effect of TP2 on mass transfer of cholesteryl esters and triglyc- 
erides in plasma. The goal of the initial experiments was to 
determine if the monoclonal antibody, TP2, caused inhibition 
of neutral lipid transfer in human plasma Using an isotopic 
assay, we found inhibition of 99%±6.9% of plasma CE transfer 
activity, similar to the previous report (10). To evaluate the 
effect of the monoclonal antibody on net mass transfer of 
lipids in the absence of CE formation, plasma was incubated at 
37°C with an LCAT inhibitor, diethyl-p-nitrophenyl phos- 
phate (E600), with and without the CETP neutralizing mono- 
clonal antibody, 172. The incubation of plasma caused a net 
gain of CE in VLDL, with a corresponding decrease in HDL, 
indicating transfer of CE from HDL to VLDL (Table II). 
There was a concomitant decline in VLDL triglycerides and 
an increase in LDL and HDL triglycerides, indicating transfer 
from VLDL to LDL and HDL. Although the rise in LDL 
triglycerides was not accompanied by a fall in CE, this may 
have been due to the amount of error associated with the 
measurement of CE mass in LDL, which was comparable to 
the expected decrement of LDL CE. There was also a slight 
increase in VLDL free cholesterol. In contrast, when CETP 
was inhibited by the addition of TP2, there was no significant 



Table IL Changes in Free Cholesterol Cholesteryl Esters, 
and Triglycerides of Plasma Samples Containing LCAT 
Inhibitor. E600, and Incubated in the Presence and Absence 
of Monoclonal Antibody, TP2* 



Lipoprotein 



4°C Control 



- Monoclonal 
antibody TP2 



+ Monoclonal 
antibody TP2 



mg/mi plasma 



VLDL 
Free cholesterol 
Cholesteryl ester 
Triglycerides 

LDL 
Free cholesterol 
Cholesteryl ester 
Triglycerides 

HDL 
Free cholesterol 
Cholesteryl ester 
Triglycerides 



0.02 (0.004) 
0.06 (0.016) 
0.29 (0.072) 



0.29(0.055) 
1.25(0.273) 
0.11(0.020) 

0.13(0.013) 
0.69(0.069) 
0.13(0.011) 



0.04 (0.009) 
0.15(0.038)* 
0.15(0.040)* 

0.31 (0.055) 
1.25 (0.248) 
0.30(0.064)* 

0.12(0.009) 
0.61 (0.062)* 
0.18(0.011)* 



0.05 (0.008) 
0.06 (0.010) 
0.29 (0.072) 

0.29 (0.056) 
1.29(0.258) 
0.12(0.017) 

0.12(0.011) 
0.69(0.081) 
0.12(0.008) 



* Plasma simples (2 nil) were incubated in the presence of 2 mM 
E600 for ~4 h at 4°C (Control), 37°C without (-) and with (+) the 
monoclonal antibody prepared against CETP, TP2 (13.5 #ig protein/ 
ml plasma). VLDL was removed by urtracentrinjaation of plasma (2 
mi) ma 50.3 rotor at 45,000 rpm,4»C, for 16 lu HDL fraction was 
isolated by treatment of r^asnuwhJi heparin and MnC^. lipids 
were measured in plasma, VLDL, HDL, and J > 1.006 tectum. 
LDL tipid values were calculated by the subtraction of HDL lipid 
value from that of </> 1.006 fraction. Free ctuleslcrol, tc*al choles- 
terol, and triglycerides were anaiyzed by enzymatk assays. CE was 
deterained at the diffidence between total and free cholesterol. Phos- 
pholipid was analyzed using the Bartlett method (27). Values axe ex- 
pressed as mean (SEM) from n = 6. Statistically significant difier- 
ences between samples incubated at 4°C or a: 37^ (-TTC) are shown 
0P< 0.05, 1 P< 0.005, as detennmed by paired; test) 




?oo 



10 15 

Incubation Time (h) 

Figure J. LCAT activity in plasma incubated in the presence or ab- 
sence of CE transfer. Fresh human plasma (2 ml) obtained from fast- 
ing subjects (n ~ 7) was incubated for 24 h at 37°C without (closed 
circles) or with (open squares) the TP2 ( 1 3.5 fig/ml plasma), a mono- 
clonal antibody prepared against CETP. Aliquots were removed at 
selected time intervals, and free cholesterol was measured using an 
enzymatic assay. LCAT activity was measured as the decline in free 
cholesterol mass, from which nmol CE formed/ml plasma was then 
calculated. (Inset) Some plasma samples (n = 3) were labeled with 
[ 3 H]chotesteroI, by the addition of radioactive cholesterol in ethanol 
to cold, stirred plasma. The labeled samples (0.2-0.3 /iCi/pinol free 
cholesterol sp act) were allowed to equilibrate overnight at 4°C, and 
then incubated at 37°C without {closed circles) or with (open 
squares) the TP2. Aliquots were removed at selected time intervals 
from 10 min to 2 h. Lipids were extracted, dried, and separated by 
thin-layer chromatography. The mass of free cholesterol was also an- 
alyzed to obtain specific activity, from which amount of cholesterol 
esterified was calculated. Enzyme activity in both graphs is expressed 
as nmol CE formed/ml plasma. The mean and SEM values are indi- 
cated on the graph. 



change in the CE or triglyceride mass of VLDL, LDL, and 
HDL. Thus, the M x 74,000 CETP is responsible for the net 
mass transfer of CE and triglycerides among the major lipo- 
protein classes in incubated human plasma. 

Effect of inhibition of CETP on the plasma LCAT reaction. 
The inhibition of CE transfer enabled us to determine if CE 
transfer affected the formation of Cb in whole plasma. Human 
plasma was incubated for 24 h with or without CETP active, 
and free cholesterol mass was measured in aliquots removed at 
selected time intervals. CE formation increased in an approxi- 
mately linear fashion, but then slowed after 6 h incubation in 
all plasma samples (Fig. 1). It is notable that me elimination of 
CE transfer had no effect on the rate of cholesterol tsterifica- 
tion, even after 24 h incubation. 

Mass analysis of free cholesterol as an indicator of LCAT 
activity was not sufficiently sensitive to determine the effect of 
CE transfer on the rate of the LCAT reaction during the first 
hour of incubatkML To measure the rate of CE formation from 
10 min to 2 h, some plasma samples were labeled with [ 3 H]- 
cholesterol, and incubated with or without active CETP. As 
can be seen m the inset of Fig. 1, the initial rate of cholesterol 
esterificatkm in plasm* was not altered by tte 
transfer. These results indicate that accumulation of CE in 
apoproteins does not influenced* rate of the 
in whole plasma, Le,, the transfer of CE is not rate titrating for 
the LCAT reaction. 
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LfcxjproMn Fraction Upoprotaln Fraction 




Lipoprotein Fraction Lipoprotein Fraction 



Figure 2. Lipid profile of VLDL, LDL, and HDL from plasma incu- 
bated 24 h with and without CETP activity. Plasma samples were in- 
cubated 24 h at 4°C (open bar), 37°C without {hatched bar), and 
with TP2 (solid bar), as described in Table II, with the exception that 
LCAT was active during incubations. Separation of lipoproteins and 
subsequent analysis was done as in Table II. The mean and SEM are 
shown for Cc (A, n = 15), triglycerides (B, n = 15), free cholesterol 
(C, n = 15), and phospholipids (£>, n = 6). Statistically significant dif- 
ferences between samples incubated at 4°C or at 37°C (without TP2) 
are shown (*P < 0.001, tP < 0 025, or §/» < 0.01), using paired / test 

Effect of lipid transfer inhibition in plasma containing ac- 
tive LCAT. These experiments were performed to determine 
the effects of CETP activity on lipid distribution in plasma 
containing active LCAT. Plasma was kept at 4°C (control, 
open bar) or incubated at 37°C, with (hatched bar) or without 
(solid bar) CETP activity; the symbols above the bars indicate 
significant differences between samples incubated with and 
without CETP activity (Fig. 2). With CETP active, there were 
net increases of CE mass in VLDL, LDL, and HDL, reflecting 
the combined activities of LCAT and CETP (Fig. 2 A). When 
transfer activity was inhibited, and only cholesterol esterinca- 
tion was active, CE accumulated in LDL, as well as HDL. but 
not in VLDL. This indicates that the CETP transfers CE from 
HDL to VLDL, as in the LCAT-inhibited state (Table II). The 
results also show that since the increase in LDL CE in plasma 
without CETP activity cannot be due to transfer, LDL also 
serves as a direct substrate for LCAT. Again, triglyceride 
transfer from VLDL to LDL and HDL was abolished by inhi- 
bition of CETP (Fig. 2 B). 

Since LCAT activity was not associated with VLDL, the 
accumulation of CE in VLDL was due solely to transfer. We 
found no significant difference between net mass transfer of 
CE to VLDL in plasma samples incubated with inactive 
LCAT (0.09±0.066 mg CE transferred/ml plasma per 24 h, 
f able D), and that in corresponding samples (same subjects) 
incubated with active LCAT (0.073±O.O55 mg CE trans- 
ferred/ml per 24 h, Rg. 2 A\ This suggests that in nonnolipt- 
demic plasma incubated for 2^h, neutral lipid transfer is not 
influenced by LCAT action. 

After incubation of plasma at 37°C, the amount of free 
cholesterol declined in all hpoprotein classes, as expected for 
continued LCAT action (Fig. 2 C). The decrease was greatest 
in LDL, demonstrating that LDL provides the major source of 
free cholesterol for the LCAT reaction, as previously described 



(12). VLDL free cholesterol did decline slightly when CETP 
was active. VLDL phospholipid was also decreased with CETP 
active (Fig. 2 D). However, there was no decline in either free 
cholesterol or r>hospholipid in VLDL from plasma incubated 
with CETP inactive, consistent with the CETP playing a role 
in transfer of phospholipids from VLDL to other lipoproteins. 
The changes in free cholesterol in VLDL may have been sec- 
ondary to the changes in VLDL phospholipid, since phospho- 
lipid enrichment of lipoproteins in plasma has been shown to 
be accompanied by an enrichment in unesterified choles- 
terol (21). 

Sites of cholesterol esterification in human plasma, The use 
of TP2 to inhibit CE transfer also allowed us to determine the 
sites of cholesterol esterification in plasma. The results of the 
24-h incubation (Fig. 2) indicated that both LDL and HDL 
may be important substrates for LCAT. 2 To determine if LDL 
was an important substrate for LCAT over the entire 24-h time 
period, CE formation in lipoproteins was followed over time 
by measuring the accumulation of esterified [ 3 H]cholesterol in 
the HDL and VLDL + LDL fractions. With CETP inactive, 
any CE accumulation in the lipoprotein fractions was due to 
action of LCAT on that specific fraction. It was observed pre- 
viously (Fig. 2) that there was no CE accumulation in VLDL 
over time, so any increase of CE in the VLDL + LDL fraction 
was solely in LDL Although the amount of esterified [ 3 H|- 
cholesterol increased immediately in both HDL and LDL 
fractions in plasma without CETP activity, the rate of choles- 
terol esterification was three to four times greater on HDL 
than on LDL during the first 2 h of incubation (Fig. 3 A\ 
Upon further incubation, the rate of CE formation in the HDL 
began to decline after 4-6 h incubation, while that of LDL 
continued to increase. With CETP active, a larger amount of 
[ 3 H]CE appeared in LDL and VLDL, reflecting transfer from 
site of formation in HDL to CE acceptor hpoproteins (Fig. 
3/T). 

Correlational analyses; effect of lipoprotein mass ratios on 
LCAT and lipid transfer activities. A s i gnifican t correlation 
was found between the accumulation of CE in LDL after 24 h 
incubation, when CETP was inhibited, and LDL CE/HDL CE 
(r = 0.621, P < 0.005), suggesting that distribution of LCAT 
activity in incubated plasma can be determined by the relative 
masses of LDL and HDL. Accumulation of CE in HDL dem- 
onstrated no significant correlation with any of the variables 
measured. 

Plasma triglyceride levels correlated inversely with HDL 
CE (r = -0.797, P < 0.001), which agrees with previous re- 
ports (24-26). With CETP active, strong positive correlations 
were obtained between transfer of 

ing: VLDL triglycerides (Fig. 4, r = 0.948, />< &00 1), VLDL 
trigtyceri &yHDL Cg<r - 0.91 6. P < 0.001), and VLDL tri- 
glycerides/LDL CE + HDL CE (r = 0.861, P < 0.001). When 
the CETP was inactive, there was no longer any correlation 



Z It is coocervable that the presence of the TP2 may have uKfacod 
association of LCAT, along with CETP, with LDL This, in tarn, 
would result in increased CE formation in the LDL fraction. To test 
this, LCAT activity, or formation of pIQchelesteryl esten, was aaea- 
sured in lipoprotein fractions of [ > H)chulutuul labthri phwnt. iso- 
lated using a Sephamac CL6B cotaim, as desert p«.»M*uly (22X 
The majority of LCAT activity renamed oa HDL, siaabr to that 
previoudy*OTT^(23Xairtthep 
not appear to shift LCAT onto LDL (data not shown). 




'incubation Time (h)' 



Figure 3. Effect of inhi- 
bition of CE transfer on 
formation of CE in 
VLDL + LDL, and 
HDL fractions, l 3 H]- 
Cholesterol-labeled 
plasma (n - 3) was in- 
cubated in the presence 
(A) and absence of 
MAb (B), as described 
in Fig. I. Aliquots were 
removed during the in- 
cubation and treated 
with heparin and 
MnCl 2 to precipitate 
VLDL + LDL. The 
amount of esterified 
cholesterol in the HDL 
{dosed circles) and 
VLDL + LDL (open 
squares) was measured 
as described in Fig. 1. 



between CE transfer to VLDL and the lipoprotein mass ratios 
(Fig. 4, open squares). Similar relationships between transfer of 
triglycerides from VLDL and VLDL mass was observed. This 
indicates that the level of VLDL triglycerides is the major 
determinant of the extent of CETP-mediated transfer of neu- 
tral lipids among HDL and VLDL in incubated plasma. 

Discussion 

The recent development of neutralizing monoclonal antibod- 
ies to the CETP has allowed us to explore the functions of 
CETP in human plasma. There were three new findings in the 
present study. First, the M t 74,000 CETP is responsible for the 
net mass transfer of CE from HDL to VLDL, and of triglycer- 
ides fr om VL DL to LDL and HDL in incubated plasma Sec- 
ondly, CETP inhibition reveals that the rate of CE formation 
in HDL is initially rapid, but then declines, whereas that of 
LDL is slower, but constant throughout the 24-h incubation 
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period. Consequently, HDL is the major initial substrate for 
LCAT, but LDL assumes an increasingly important role with 
continued incubation. Finally, the LCAT reaction in plasma is 
not regulated by neutral lipid transfer between the lipopro- 
teins. 

The CETP monoclonal antibody blocked the shift of neu- 
tral lipids between lipoproteins in incubated plasma, a process 
originally described by Nichols et al. (3, 4). Previous studies 
have identified plasma protein fractions that promoted ex- 
change of CE and triglycerides (7-9, 27), and even net transfer 
of neutral lipids (5, 8, 9, 28) in reconstituted lipoprotein sys- 
tems. However, the specific role of these transfer protein(s) in 
whole plasma was uncertain. Our results show that there is no 
net movement of neutral lipids due to either collisioiial or 
diffusional processes, or other lipid transfer proteins. The M r 
74,000 CETP protein was directly responsible for the net 
transfer of CE and triglycerides among plasma lipoproteins. 

While CETP may mediate the transfer of neutral lipids 
between VLDL and HDL, our results confirmed that the mass 
of CE acceptor lipoproteins is a major determinant of the 
amount of net neutral lipid transfer (Fig. 4), as previously 
postulated (29). Along with the observations made in cross- 
sectional studies, in which HDL CE was inversely correlated 
with plasma or VLDL triglycerides (24-26, 30, 31), the results 
suggest that the mass of triglyceride rich acceptor lipoproteins 
influences the rate of CE transfer from HDL, and thereby, in 
part, determines HDL CE mass, in vivo. Although other fac- 
tors such as lipolysis (32), CETP mass (13), or free cholesterol 
mass (33) may influence the rate of CE transfer, it is evident 
that in the IS normolipidemic subjects of this study, triglycer- 
ide mass is a strong predictor of net neutral lipid transfer in 
incubated plasma. 

Since the inhibition of LCAT activity did not affect the 
amount of CE transferred to VLDL from HDL, cholesterol 
esterification may not influence CE transfer in normolipide- 
mic plasma incubated for 24 h. A similar lack of efifeci of 
LCAT on the initial rate of CE transfer had also been reported 
(12). In contrast, CE transfer from VLDL to HDL was more 
pronounced with active LCAT in an earlier study (34). How- 
ever, this was observed under hypeitriglyceridemic conditions 
in a recombinant system of high levels of VLDL from an 
LCAT-deficient patient and HDL from a normal subject. In 
addition, this study used /M±loromcnniri-phenyl sulfonate, 
which is now known to be a neutral lipid transfer inhibitor 
(35), as well as an LCAT inhibitor. Thus, the slower transfer in 
the LCAT inhibited plasma may have been due to 4 direct 
effect of /M:hk>romercuriphenyi sulfonate on CETP. Our re- 
sults suggest that in nonnc4ipklemic plasma, LCAT docs not 
play an important role in determining CE transfer rate. 

The relative importance of the different lipoproteins as 
substrates for LCAT in plasma has been somewhat controver- 
sial. The ability to inhibit neutral lipid transfer in human 
plasma permitted a new and direct approach to investigate the 
question of which l ip opro tei ns accumulate CE and therefore 
serve as the native substrate for LCAT in human plasma. A 
dominant role of HDL and a lesser role of LDL as LCAT 
substrate has been demonstrated in earlier studies, which used 
uhracentrifcgaDy isolated lipoproteins (36, 37). However, a 
recent study using pig plasma, which lacks neutral lipid 
transfer activity, has suggested that U>Lb the major substrate 
for LCAT (38). The conclusion that the majority of newly 
formed CE was on pig LDL was based on data largely derived 
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from plasma incubated for long periods of time. The results 
obtained in the present study clearly show that HDL is the 
primary substrate for the initial LCAT reaction in whole 
human plasma. LDL is a minor initial substrate, but becomes 
more important with continued incubation of plasma. 

An unexpected finding in the present study was that nei- 
ther the initial rate of CE formation, nor the accumulation of 
CE over the 24-h incubation was affected by the blockade of 
neutral lipid transfer in incubated plasma. Previous investiga- 
tions suggested that CE transfer between lipoproteins is limit- 
ing for cholesterol esterification, based on in vitro incubations 
using vesicular lipoprotein particles (11). In whoie plasma, 
native, spherical lipoproteins may have greater flexibility to 
accomodate CE, products of the LCAT reaction, without ad- 
versely influencing LCAT activity. Also, we showed that LDL 
can assume a significant role as an LCAT substrate when CE 
formation becomes limited in HDL (i.e., after 6-8 h incuba- 
tion). This versatility of LDL as an alternative site for LCAT 
reaction may allow the total plasma LCAT activity to remain 
the same, even during prolonged incubation of plasma with 
CETP inactive. The decline in HDL CE formation after 6-8 h 
incubation (Fig. 3) may have reflected product inhibition in 
HDL, and/c depletion of available substrates in HDL, leading 
to the subsequent shift of cholesterol esterification from HDL 
to LDL. 

Our findings have implications for the role of CETP in 
reverse cholesterol transport, a pathway postulated to be an- 
tiatherogenic. In one version of this theory, cholesterol di ff uses 
from tissues into HDL, is esterified by LCAT action, and then 
transferred to VLDL for ultimate removal by the liver (39). In 
tissue culture experiments, plasma LCAT activity promotes 
removal of free cholesterol and CE from cells (40). If the CE 
transfer process was able to drive the LCAT reaction, this 
would imply indirect regulation of tissue cholesterol removal 
by CETP. The lack of effect of CETP on cholesterol esterifica- 
tion indicates that this mode of regulation is unlikely to occur 
in human plasma. However, CETP does influence the transfer 
of CE from HDL to trigjyceride-rich lipoproteins, and this 
may ultimately influence the rate of transfer of CE from 
plasma to the liver. 
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